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gated. Threonine deaminase was inhibited by valine and isoleucine but not by leucine. Repression of the deaminase by isoleucine but not by valine was indicated. The data reported in this paper suggest that valine prevented growth of the organism through false feedback inhibition of threonine deaminase, thereby limiting isoleucine biosynthesis.
We have been concerned with amino acid biosynthesis in Acetobacter suboxydans because of its lack of a tricarboxylic acid cycle (Cheldelin, 1960 amined. Although earlier studies (Stokes and Larsen 1945) indicated an absolute growth requirement for valine, our experiments failed to show essentiality of valine. On the other hand, when valine was present in the synthetic medium, growth of the organism was inhibited; this effect could be reversed by isoleucine. Valine-isoleucine antagonism has been reported in the enteric bacteria (Leavitt and Umbarger, 1962) and in plants (Moyed and Umbarger, 1962) . However, the present studies indicate that the antagonism observed is different from that reported for those systems.
MATERIALS AND METHODS
A. suboxydans ATCC 621 was grown on a yeast extract-glycerol medium (King and Cheldelin, 1954) . In certain experiments, synthetic media of the composition reported by Shamberger (1960) were employed (Table 1) . Extracts were prepared with a 10-kc Raytheon sonic oscillator (model DF-101) by the method of King and Cheldelin (1954) .
Except where indicated, extracts were used without further treatment. Valine was assayed colorimetrically, after separation from other reaction components by paper chromatography in a butanol-acetic acid-water mixture (40:10:50) on Whatman no. 1 filter paper. Chromatograms were developed in the solvent for 12 hr and sprayed with 2% ninhydrin in a 95% acetone-5% water mixture to reveal the separated components. They were then dried for 15 min at 65 C, and the spots due to valine were excised and eluted with 50% n-propanol in water. The solution was clarified by low-speed centrifugation, and the optical density was determined at 570 m,4 in a Coleman Junior spectrophotometer. Suitable standards containing known amounts of valine were used to test the accuracy of the method. Extract without addition of any substrate served as a blank. Isolation of a-ketoisovaleric acid and ae-acetohydroxybutyrate was accomplished by the methods of Friedemann and Haugen (1943) and Leavitt and Umbarger (1961) , respectively. Isoleucine determinations were by microbiological assays with Streptococcus faecalis R-8043 . The activities of acetolactate and acetohydroxybutyrate reductoisomerases were measured in a Cary spectrophotometer (model 14).
For valine-isoleucine antagonism experiments, cells grown in the yeast extract-glycerol medium were suspended in 0.1 M phosphate buffer (pH 6.0) for 2 hr, washed twice in the same buffer, centrifuged, and diluted with sterile 0.9% NaCl to an optical density of 0.1 at 625 m,u in a Coleman Junior spectrophotometer. Approximately 0.05 ml of this inoculum was added to the synthetic medium (Table 1) containing additional amino acids as indicated.
Crude extracts oxidized a-ketobutyrate very rapidly (Fig. 1) ; hence, in these extracts it was not feasible to measure threonine deaminase activity by estimating the a-ketobutyrate formed by the method of Friedemann and Haugen (1943) . Threonine deaminase could be separated from a-ketobutyrate oxidase by ammonium sulfate fractionation of the crude extracts. At 50% saturation of the crude extract with ammonium sulfate, threonine deaminase was quantitatively precipitated, and the supernatant fraction contained a-ketobutyrate oxidase activity. Two convenient assay procedures for threonine deaminase were therefore employed. One was based upon the use of Nessler reagent (Lang, 1958) to measure the ammonia liberated; the other employed coupling of the deaminase activity with a-ketobutyrate oxidase (isolated from crude extracts by ammonium sulfate fractionation) and measuring the C'402 produced from uniformly labeled threonine. Good agreement between the two methods was observed. The C'402 liberated was absorbed in 5 N NaOH and was counted in a Packard liquid scintillation spectrometer by use of the solvent system of Reed (1962) . Counting efficiency, as determined with standard sodium benzoate-C14, was 40%. Protein estimations were made by the methods of Lowry et al. (1951) and Warburg and Christian (Layne, 1957 (Table 2 ). Since a probable early step in the utilization of acetolactate in valine formation was its reduction and isomerization to a, 3-dihydroxyisovaleric acid, the activity of acetolactate reductoisomerase was measured in a Cary spectrophotometer by following the disappearance of the absorption band at 340 m,u. The assay system used in measuring the activity of the reductoisomerase was as follows: 100 ,umoles of phosphate buffer (pH 7.6), 10 ,umoles of Mg++, 1 /Amole of acetolactate, 0.1 ,umole of NADPH, and 0.1 ml of extract; total volume was 3.0 ml. The specific activity of the acetolactate reductoisomerase expressed as optical density per milligram of protein per minute was 0.014. This enzyme is NADPH specific and has optimal activity at pH 7.6.
Acetolactate is synthesized by extracts of A. suboxydans and was reported earlier by King, Devlin, and Cheldelin (1955) .
Isolation of a-ketoisovaleric acid from acetolactate with extracts of A. suboxydans was accomplished in the following manner: 1 ml of extract (34 mg of protein) was incubated with 1 mmole of acetolactate, 100,umoles of Mg++, 10,moles each of NADPH, GSH, ATP, and coenzyme A (CoA), and 1 mmole of phosphate buffer, pH 7.6 (final volume of 3 ml); a-ketoisovaleric acid was isolated as the 2, 4-dinitrophenylhydrazone by the method of Friedemann and Haugen (1943 Therefore, it appears that both amino acids, valine and isoleucine, can be synthesized by A. suboxydans via acetolactate and acetohydroxybutyrate, respectively. Because the experiments of Stokes and Larsen (1945) indicated that valine is essential for growth of A. suboxydans, different concentrations of valine were added to the synthetic growth medium (Fig. 2) . Growth inhibition due to valine was reversed by the addition of isoleucine.
Evidence that threonine was also a precursor for isoleucine was obtained in the following manner. To 10 ml of the growth medium listed in Table 1 , 5 ,uc of threonine-U-C54 were added. The medium was sterilized at 121 C for 15 min, cooled, and inoculated with cells of A. suboxydans. After incubation for 48 hr with agitation, the cells were harvested and hydrolyzed with 6 N HCl in a sealed tube at 121 C for 6 hr. After neutralization of the cell hydrolysate, a sample was chromatographed on Whatman no.1 paper with a solvent system of butanol-water-ethanol (20:45:1). The chromatogram was then scanned through a Van- guard strip counter (model 880). Isoleucine contained high levels of radioactivity, whereas the other amino acids were relatively unlabeled, with the obvious exception of threonine. Since studies of growth inhibition by valine suggested that valine was limiting isoleucine biosynthesis, the first enzyme responsible for isoleucine biosynthesis, threonine deaminase, was studied further.
The cofactor requirements of threonine deaminase are shown in Table 4 . Since Mg++, GSH, AMP, and pyridoxal phosphate all appeared to be essential for maximal activity, these compounds were added to the dialyzed 0 to 50% ammonium sulfate fraction when the deaminase activity was measured. (ATP can replace AMP in crude extracts.) By use of a Lineweaver-Burk plot, the Km of the threonine deaminase was found to be 3.12 X 10-4 M for threonine. A study was made of the effect of valine, isoleucine, and leucine on threonine deaminase activity. These three amino acids had no effect on the activity of a-ketobutyrate oxidase present in the 50 to 100% ammonium sulfate fraction of crude extracts. The activity of threonine deaminase was inhibited by both valine and isoleucine but not by leucine (Table 5 ). The inhibition was much more pronounced in crude extracts than in the 0 to 50% ammonium sulfate fraction.
A study of the type of inhibition due to valne and isoleucine on the threonine deaminase was initiated. Figure 3 shows a double reciprocal plot of the deaminase activity in the presence of valine and isoleucine. The Ki values for valine and isoleucine as determined by the graphical method of Dixon (1953) are as follows: Ki valine, 2.4 X 10-4 M; Ki isoleucine, 1.04 X 10-4 M. From Fig. 4 , it is clear that valine and isoleucine competitively inhibit the activity of threonine deaminase.
It was of interest to determine whether there might be two threonine deaminases, one sensitive to valine and the other sensitive to isoleucine. If there were two threonine deaminases, the total inhibition due to valine and isoleucine would be the sum of that observed for each independently. As shown in Table 6 , the total inhibition is not (Fig. 4) . Heat-treated extracts retained their sensitivity toward valine.
The synthesis of threonine deaminase can be repressed, if cells are grown in a synthetic medium containing 200 mg per liter of isoleucine (Table 7) . The effect of valine on the synthesis of the deaminase could not be directly measured, because the organism fails to grow when valine is added to a medium devoid of isoleucine. If cells were grown in the presence of isoleucine to effect repression of threonine deaminase, and were inoculated into a medium containing valine, the activity of threonine deaminase increased about sixfold, even though growth was prevented. Conversely, when cells grown in the absence of isoleucine to derepress threonine deaminase were used as an inoculum for a medium containing valine, no decrease t Specific activity expressed as counts per minute recovered as C140 per milligram of protein per hour; the assay system outlined in Fig. 2 was used.
in the activity of threonine deaminase was observed. In both cases, there was no increase in optical density at 625 my. Alcohol dehydrogenase levels were monitored during all of the experiments, and the quantity of enzyme did not show the changes observed for threonine deaminase. Although a detailed kinetic analysis of the enzyme levels has not been made, these experiments tentatively suggest that valine does not repress threonine deaminase.
Threonine deaminase activity of mutants of A. suboxydans which could grow in the presence of valine was tested for sensitivity toward valine and isoleucine. The results of such an experiment are shown in Table 8 . The specific activity of the deaminase was very low when compared with that present in the wild-type cells. However, the effect of valine and isoleucine on the deaminase present in these mutants was markedly different. When valine or isoleucine was added, activity of the deaminase was increased; the stimulatory effect of valine was more pronounced than that of isoleucine.
DISCUSSION
Isoleucine and valine are synthesized in A. suboxydans by a mechanism appearing to be identical to that described in a variety of or-ganisms. This was of great interest, since our organism lacks a tricarboxylic acid cycle (Cheldelin, 1960 ). Although one is not able to state unequivocally that the mechanism is identical in A. suboxydans and other organisms, the involvement of certain common intermediates is clear.
The growth-inhibitory response experienced by A. suboxydans in the presence of valine has also been observed in E. coli K-12 (Leavitt and Umbarger, 1962) . Their work established that growth inhibition occurred as a consequence of valine's preventing the formation of acetohydroxybutyrate. Although isoleucine, and to some extent leucine, elicited a retro-inhibitory response to threonine deaminase activity, valine was without effect. A clear difference exists between the control of isoleucine and valine synthesis in A. suboxydans and that observed for E. coli K-12. In the former organism, both valine and isoleucine inhibit threonine deaminase but are without effect on a-ketobutyrate oxidation. Leucine does not inhibit either system.
Studies by Stadtman et al. (1961) of E. coli K-12 indicated that two separate aspartokinases exist in the organism, one being sensitive to lysine and the other being sensitive to threonine. They observed that when threonine and lysine were added simultaneously the total inhibition was approximately the sum of that observed for each independently. That a similar situation does not exist for threonine deaminase in A. suboxydans is indicated by the observations that inhibition of threonine deaminase by valine and isoleucine is not additive and that isoleucine alone can repress almost completely the threonine deaminase. This was not unexpected, since this biosynthetic enzyme does not participate in dual biosynthetic roles. If a catabolic threonine deaminase is synthesized by A. suboxydans, conditions for formation were not favorable in our experiments (Umbarger and Brown, 1957) .
Valine probably prevents growth of A. suboxydans by acting as a false feedback inhibitor (Moyed, 1960) of threonine deaminase. Isoleucine cannot then be formed, and growth stops. When A. suboxydans was grown in the presence of isoleucine, a marked repression of threonine deaminase was observed. It was not possible to grow the wild-type organism in valine without the presence of isoleucine. Although growth was not permitted by valine, a sixfold increase in threonine deaminase was found to occur. Conversely, when the organism was grown without isoleucine and then incubated in the isoleucine-free valine-containing medium, no diminution in threonine deaminase was observed. Detailed kinetic analyses of the repression experiments are needed before the role of repression in the control of isoleucine synthesis in the presence of valine can be stated without ambiguity.
Recent studies by Freundlich, Burns, and Umbarger (1962) indicated that valine, isoleucine, and leucine are all essential for repression of threonine deaminase in Salmonella typhimurium. However, in A. suboxydans, isoleucine alone can probably repress threonine deaminase.
The sensitivity of threonine deaminase toward isoleucine was lost when the enzyme was heated a 60 C. Heat-treated fractions were still sensitive to inhibition by valine. Heat treatment may destroy the isoleucine site, whereas the other two sites are relatively unaffected (Changeux, 1961) . There apparently are separate sites on the enzyme for valine, isoleucine, and threonine. This reasoning is further substantiated by the experiments with mutants which can grow in the presence of valine. Although the specific activity of threonine deaminase in these mutants is quite low when compared with that of the wild type, the effect of valine and isoleucine is quite different. Both of these amino acids stimulate the activity of the enzyme; the effect of valine is more pronounced than that of isoleucine. The binding of these amino acids to the mutant enzyme may bring about a conformational alteration of the protein, resulting in increased activity (Monod, Changeux, and Jacob, 1963 
